Summary
Introduction
Numerous studies have shown that ventilation in the human lungs is uneven and decreases from Correspondence: Dr W. K. C. Morgan, Department of Medicine, University Hospital, London, Ontario, Canada N6A 5A5.
apex to base [l-51. This was first demonstrated by differential lobar bronchospirometry [51, and subsequently confirmed by methods using radioactive inert gases i1-41. Comparable studies showing that regional deposition of particles is similarly uneven have not been carried out, although this matter has been the subject of discussion 16, 71. Particle deposition might be expected to be closely related to ventilation, in that the greater the ventilation of a specific region of the lung, the more likely are the particles to be carried in the airstream to that region. Certain clinical observations, however, suggest that this assumption may not be justified. Thus silicosis and coal workers' pneumoconiosis initially involve, and predominantly affect, the upper zones of the lungs [81, regions where ventilation is substantially less than elsewhere in the lungs [31. In contrast, asbestosis predominantly affects the bases, as might be expected from the relatively greater basal ventilation [91. Deposition is influenced not only by ventilation but by particle size and shape, airways geometry and breathing patterns [lo, 111. To study the factors inffuencing regional particle deposition in the lungs requires that measurements of regional ventilation and regional deposition are made within a short time of each other. This can be effected by measuring regional ventilation with a radioactive inert gas, and regional particle deposition by means of a tagged aerosol.
Methods

Subjects
Twenty-nine normal volunteers, who gave their informed consent, participated in the study. The protocol and Consent Form were approved by the Human Ethics Committee of the University In all studies, paired studies of regional ventilation and of regional deposition were made by posterior scintigraphic imaging after the inhalation of air containing Is3Xe or 99mTc-labelled radioaerosol. All subjects breathed saline aerosol for 2 min before the aerosol study in Non-smokers. Of the 17 non-smokers, 12 underwent studies of regional ventilation and aerosol deposition while sitting and breathing at a NRR. The resting rates varied between 12 and 18 breaths (mean 14. 5)/min. Subsequently, five of these subjects were restudied supine, breathing at a NRR. Five of the remaining subjects were studied sitting while beathing at a HRR and in phase with a metronome set at 28 breathshin. Two subjects who were initially studied in the standard fashion, 24 h later had the studies repeated after breathing 100% oxygen for 20 min, since it was felt that oxygen breathing might affect peripheral ventilation [ 131. An additional five non-smoking subjects were studied supine, breathing at a NRR. These subjects had not been previously studied in the sitting position. Subsequently the studies were repeated while supine and breathing at a HRR.
Smokers. Twelve smokers were studied. All 12 underwent xenon and aerosol studies sitting and breathing at a NRR. Subsequently, seven had the studies repeated while supine and breathing at a NRR. The other five had the studies repeated sitting and breathing at a HRR.
order to accustom them to the equipment. Nose clips were always worn. The tidal volume (V,) and minute volume (V,) were Directly after the xenon study, the aerosol study was carried out in each subject in the same position and at the same respiratory rate. Twentyfour to 48 h later the studies were repeated: if the initial study was carried out in the sitting position while breathing at a NRR, the second study was carried out 24-48 h later with the subject either lying supine or while breathing at a HRR. Canada) with a diverging collimator on-line to a computer system (Gamma I1 Digital Equipment Corporation, Maynard, MA, U.S.A.). The scintigraphic information was displayed in a colourcoded fashion according to the relative concentrations of activity on a video screen (64 x 64 matrix). For each study, the lung fields were divided into three zones horizontally, and radially as shown in Fig. 1 , yielding arbitrary upper, middle and lower zones, and central, mid and outer zones respectively. The lower limit of the lung was defined by a horizontal line drawn at the level which coincided with the uppermost limit of the dome of the diaphragm. The central, mid and outer zones were centred on the hilum, with the hilum being defined as the most medial portion of the lung that coincided with the midpoint of the greatest vertical length of the lung as described by Sanchis el al. 1141. In addition, regions of equal areas situated in the inner, intermediate and peripheral zones were defined for each of the horizontal zones as shown in Fig. 2 . Regional comparisons of ventilation and aerosol deposition were made on the basis of the zones as defined above.
"jXenon studies of regional ventilation
In the xenon studies subjects breathed from a 7 litres capacity spirometer (Warren Collins Incorporated, Braintree, MA, U.S.A.) to which 15-20 mCi of '"Xe had been added. Rebreathing continued for 5 min during which the concentration of the activity in the lung increased to approach equilibrium. At the end of rebreathing, the subject was allowed to breathe air for an additional 5 min, during which the exhaled gas was exhausted through an activated charcoal trap. A continuous recording was made for 15 min during both the wash-in and wash-out at one frame every 5 s.
A complex curve consisting of multiple exponents was obtained by plotting the output of a gamma camera positioned over the lungs during the wash-in. The most rapid component represents alveolar ventilation and slower components are due to xenon dissolving and progressing towards equilibrium in the blood, muscle, fat and other tissues 115, 161 .
A single exponential function was fitted by a non-linear least-squares method to the earliest part of the wash-in curve, which predominantly represents alveolar ventilation for each lung region under study as suggested by Van der Mark et al. [171. The earliest part of the curve was arbitrarily defined as twice the time taken for measured activity to reach half the 5 min 'equilibrium' value.
With this method for any given lung zone (i) the alveolar ventilation per unit lung volume (I,) is given by the expression 1, = t where C,(t) is the observed count rate at a given time ( t ) during the initial wash-in phase and C, (.equil.) is the observed count rate at equilibrium arbitrarily taken to be 5 min after the onset of wash-in. The substitution of data derived from the wash-out phase in the calculation of the I, yieldd comparable results. Ventilatory differences from zone to zone may be calculated by the following formula:
where IV, is the index of regional ventilation, A, is the alveolar ventilation per unit lung volume index for the zone and 4 is the alveolar ventilation per unit lung volume for the total lung.
Aerosol deposition
An aerosol was prepared from colloidal particles of sulphur labelled with 99mTc. Saline (4 ml, containing 60-80 mCi of labelled sulphur colloid) was placed in a high-flow nebulizer (Acorn Vix, Jamestown, CA, U.S.A.), through which air was bubbled at a flow rate of 8-10 litreshin.
The flow of air containing the radioaerosol then passed to a 30 litres distensible plastic bag which acted as a settling tank for larger particles (181. This led to a mouthpiece from which the subjects breathed for approximately 5 min, thus allowing sufficient aerosol deposition to a maximum. of 500 pCi (18.5 MBq) to permit subsequent imaging.
Aerosol particle size was measured with an Anderson sampler in the stream emerging from the nebulizer and again at the mouthpiece. The mass median diameter of the particles at the mouthpiece was 0.78 pm (geometric SD 1.39).
Regional deposition of aerosol particles was expressed as an index (ID,) which was analogous to IV, and which was determined as follows:
The index may be calculated as:
Deposition per unit volume in zone i Deposition per unit lung volume in total lung A ,
where A , is the count rate due to aerosol activity in zone i measured immediately after inhalation.
Although regional ventilation and deposition were calculated for all zones of both lungs, there were no significant zonal differences between each lung and the respective illustrations are based on the data obtained from the right lung only. In all but one subject, imaging was repeated after an interval of either 6 h or 24 h in order to ascertain the rate of clearance from the different regions.
The combined radiation dose for each subject was approximately 500 mrads (5 mGy) to the lungs and 5 5 0 0 mrads (55 mGy) to the trachea [ 19,201. Statistical significance for the various sets of observations was determined with Student's t-test and only when P was 0.05 or less were the paired observations accepted as differing significantly.
Results
At both the NRR and HRR, VT and VM increased during the first 2-3 min, but later decreased as the subject became accustomed to the mouthpiece. At the HRR, three subjects showed an increase in VT and this remained up for the 6 min, while in the remainder, after an initial increase, VT would gradually decrease (mean VT 0.720 litre during the first minute and 0.566 litre during the sixth minute). The mean VM for the aerosol studies while breathing at a HRR was 20.1 litres for the first minute and 16.1 litres for the sixth minute. During the third to sixth minutes (corresponding to the studies) mean VM was 9.6 litres at NRR (mean flow rate 0.32 litre/s) and 16.8 litres at HRR (mean flow rate 0.56 litre/s).
It was apparent from the continuous imaging that there was little or no selective deposition of the aerosol in the central airways.
Ventilation and aerosol deposition
Comparison of upper, mid and lower zones. (a)
Sitting, NRR. The regional differences in ventilation between the top and bottom of the lung that have been described by others were observed in both smokers and non-smokers. However, in smokers, the differences were significantly greater (Figs. 3 and 4) . For both ventilation and aerosol deposition, the apex to base differences were statistically significant and regional deposition of aerosol closely resembled the regional distribution of inhaled xenon.
(b) Sitting, HRR. Regional ventilation and aerosol deposition at NRR and HRR in both non-smokers and smokers are shown in Figs. 3 and 4. An increase in the respiratory rate led to significantly greater ventilation and aerosol deposition in the upper zones and relatively less in the lower zones. In both smokers and non-smokers the effect was significantly greater with the aerosol than it was with the xenon.
(c) Supine, NRR and HRR. In non-smokers in the supine position, the disparity in ventilation between the top and the bottom of the lung diminished so that the difference was no longer statistically significant (Fig. 5) . Ventilation became more nearly uniform in the upper, mid and lower zones. Similar changes were noted in regard to the deposition of aerosol. In smokers, although the gradient between the apex and the base likewise decreased, the difference remained statistically significant. In the supine subject, breathing at a HRR significantly increased both ventilation and deposition in the upper zones (Fig. 6) .
In the two subjects who were given oxygen before carrying out the studies, no significant effects on either ventilation or deposition were noted.
Comparison of central, mid and outer zones. Ventilation to the central, mid and outer zones showed no significant difference, no matter whether the subject was breathing at a NRR or HRR (Fig. 7 ) . This was true for both the concentric zones (Fig. 1) and the inner, intermediate and peripheral zones in the same horizontal plane (Fig. 2) , and affected both smokers and non-smokers. Regional deposition of the aerosol in the central, mid and outer zones at a NRR resembled the pattern seen with xenon, except that there was significantly more central deposition in the smokers, confirming the results of Dolovich et al. [21] . Comparison of the three areas, namely inner, intermediate and peripheral in the upper zone (Fig. 2) as compared with the corresponding area in the lower zone, showed less aerosol being deposited in the upper than in the equivalent area in the lower zone. In contrast, at a HRR the deposition of the radioaerosol was significantly greater than it was while the subject was breathing at a NRR (Fig. 8) . This was especially evident with penetrance being significantly reduced in smokers.
In both non-smokers and smokers in the supine position breathing at a NRR, the distribution of the aerosol to the central, mid and outer zones was similar to that observed in the sitting position. At a HRR there was relatively more central deposition for both the sitting and supine positions. 
Discussion
We deliberately chose particles with a mass median diameter below 1 pm to ensure that the majority would be deposited in the alveoli, thereby facilitating comparison between ventilation and deposition. The appearance of the images during scanning showed an almost complete absence of central deposition, and in addition at 24 h around 85% of particles remained in the lung parenchyma 1221. Thus we think that, for the most part, our measurements of particle deposition reflected alveolar and small airways deposition, and hence we were justified in comparing regional ventilation with regional deposition. Measurement of the regional distribution of a radionuclide in the lungs by a gamma camera in a single fixed position introduces artifact. There is differential attentuation of the 9 9 m T~ and 13'Xe by the tissues of the lung and chest wall because of their different gamma energies. The thickness of lungs and chest wall varies at different regions of the chest. Differential attenuation also affects the perception of equal activities of the same radionuclide situated at different places in the lung. This latter effect may come into play when the equilibrium of 133Xe is taken to represent lung volume. However, the correction for volume will affect equally the indices for both ventilation and deposition. The differences between apex and base for both ventilation and deposition are so great (P > 0.001) that It was assumed for many years that the regional distribution of inspired gas was similar from apex to base, an assumption that was based on the fact that quantitative studies of large areas of excised lung had shown relatively even distribution of inspired gas per lung unit volume [30, 311. Studies from the Montreal group 12, 3, 32, 331 and from West and colleagues [51 have shown that there are significant differences between apex and base for both ventilation and perfusion. These disparities depend on the intrapleural pressure gradient that exists between the top and the bottom of the lungs [l, 2, 41. At functional residual capacity, in the sitting and erect positions, the alveoli are larger in the apical region than they are at the base because of the vertical gradient in intrapleural pressure. Because of regional differences in alveolar expansion, basal ventilation exceeds that of the apical regions. In the supine subject, the intrapleural pressure gradient lessens, and ventilation becomes more evenly distributed from base to apex [331. Particle deposition should therefore be influenced by regional ventilation, since the best ventilated areas of the lung would receive the greatest number of particles [61. Our studies show that, no matter whether the subject is sitting or supine, aerosol deposition is closely related to ventilation.
Breathing at a HRR resulted in an increase in the relative proportion of both xenon and aerosol going to the upper lobes, but did not change the horizontal distribution of ventilation to the central, middle and outer portions of the lung.
This finding is not unexpected since Bake el al.
[341 showed that at high inspiratory flow rates, regional ventilation became more uniform. In contrast, during breathing at HRR, relatively more aerosol was deposited in the central regions of the lung, especially in smokers. Two possible mechanisms for this phenomenon of increased central deposition exist. First, if tidal volume were to decrease, then a greater proportion of each breath would remain in the dead space and there would be relatively more deposition in the proximal airways [35]. However, both increases and decreases in VT occurred. Furthermore, V, varied between the beginning and the end of the aerosol administration and this explanation therefore cannot entirely account for the greater central deposition. Secondly, the higher flow rates at the HRR would lead to more deposition from inertial impaction in the proximal airways. Probably both of these mechanisms played a role. Smokers showed significantly more central deposition than did non-smokers, presumably because the excess mucus leads to a decrease in the cross-sectional area of the airways, an increased linear velocity, and hence greater impaction. In addition, smokers showed less upper-zone ventilation and deposition than did non-smokers. This is likely a consequence of early anatomical changes which have been reported in asymptomatic subjects [36, 371. Such early changes affect predominantly the respiratory bronchioles of the upper lobes of the lung. Clearance of radioactive particles was occasionally delayed in smokers and was sometimes associated with areas of increased radioactivity.
The observation that silicosis and coal workers' pneumoconiosis initially involve the upper zones of the lungs, and that as the disease progresses the predominant upper-lobe involvement persists [81 cannot be explained by disparities in regional deposition. Although the particles we used are smaller than those generally considered responsible for the development of the pneumoconioses, there is excellent evidence that small particles between 0.5 and 1.0 pm are particularly hazardous [381. Our studies indicate that those regions which are subject to the greatest particle deposition are the least involved by coal workers' pneumoconiosis and silicosis. However, we have carried out further studies of particle deposition during moderate exercise and have shown that the apex to base gradient for particle deposition lessens significantly (unpublished observations). Even if one assumes that most subjects who are exposed to silica and coal dust are involved in fairly heavy activity, and thereby to more uniform deposition, this still does not explain the predominant upper-lobe involvement in silicosis and coal workers' pneumoconiosis and another explanation must be sought. Thus it may be that particle clearance from the non-ciliated regions of the upper lobes is slower and that this results from the reduced perfusion of these regions. Whether there are also regional variations in lymph flow is, to our knowledge, unknown, but here again such differences might influence parenchymal clearance of deposited particles.
